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Abstract 

We study pp annihilation at rest into ncf) and ^(j). Rescattering by K*K + K*K 
and p^p^ for pp — > ncj) states is sizable, of order (0.90 to 2.6) x 10~^ in the branching 
ratio, but smaller than experiment. For pp — > 'ycf) the rescattering contributions are 
negligible, but the ^(j) channel is well explained by a pcj) intermediate state combined 
with vector meson dominance. 



1 



1. Introduction 

In the present paper we examine tlie rates for pp —>■ Ticf) and pp — > 70 at rest by calculat- 
ing the contributions from two-meson-intermediate states. The calculation of rescattering 
contributions for pp (j)(f) in flight from Ref. is extended to the present reactions. In 
addition, for pp — > 70, vector meson dominance mechanisms are evaluated. 

2. The reaction pp iKp 

We start by evaluating the two meson rescattering contributions. Important contribu- 
tions are expected from intermediate states containing a K* and a K, as shown in Fig. la 
which describes the contribution to pp —>■ 7r0. Similarly the contributions from p^p~ inter- 
mediate states (Fig. lb) are expected to be large since pp p^p^ is large, compensating 
the smallness of the (p ^ np vertex. Following the formalism of Ref. [0], we describe for 
definiteness the amplitude for pp(^Si) — > K*K — > ncp 

^ = y" (27r)^4^^ T^Kk'^K'Ktt G1G2GS . (1) 

Here the amplitudes T^j^j^, Tk-k-k and T5 are for the (pKK, K*K7i and pp{^Si) — K*K 
three body vertices, respectively. The meson propagators are denoted by Gj (i = 1, 2, 3). In 
the following we evaluate the part of the amplitude T of Eq. (1) where K* and K propagate 
on the mass shell. All the amplitudes in Eq. (1) are then directly related to experimental 
information[^ ^ ||. Similar equations hold for p^p^ intermediate states. 
We define the vertices in Eq. (1) in relativistic notation as follows: 

• The amplitude for the annihilation pp{^Si) —>■ K*K with the smallest number of 
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derivatives is 

Ts = gse'^^^'eaipp, m,) pp{pp) e,{K\ m^) ps{K*) , (2) 

where e"^'^^ is the rank-4 antisymmetric tensor, ea{pp, mi) and eis^K*, 777,2) the 
polarization vectors of the initial state and K* meson, respectively. The parameter 
gs is related to the pp{^Si) K*K transition strength byQ 

The amplitudes for the K* and decays are parametrized as follows, 

T^KK = 9^KK "^3) • (2p2 - 52), (4) 
TK*K7r = 9k*Ktt e{K*, 1112) ■ (2gi - pi). (5) 
The coupling constants are related to the vector meson decay widths by 



p _ _ i ^4>KK KK{4>) /„x 

^<^^^"67r Ml 



and 



„ 1 9K*KnPKn{K*) /-x 

^^^^'^ - 6^ M^. 

where pKK{<f)) Pktt{k*) are the magnitudes of the 3-momenta of the decay products 
in the CM frames of the vector mesons. 

Next we calculate the amplitude Eq. (1) for the on-shell K*^K'^ intermediate state: 
™n-sheii _ 9s 94,kk9k*k^P f e{pp, nil) ■ (p x q) e(0, mg) ■ {2p2 - ^2) 



pp{^S,)^K'+K-^^n 32^2 J P (p_q)2+^2^_(^^_^^_)2 

(8) 



^We denote the magnitudes of three-momenta by capital letters. 



where the momenta in Fig. la are denoted by 

Pi = {Ek*+ , -p) , P2 = {Ek- , p) 

?i = (K,-q), g2 = (£^<^,q) 

P3 = Pl - ?1 = ?2 - P2 ■ (9) 

The resulting decay width of pp{^Si) ncf) is 

r — ^ Irpon-shcU |2 /-irv^ 

After summing over the spins and doing the angle integrations, we arrive at 

22 2 p4 

lanon-shcU ,2 _ 9 S 9 ^kK 3 K* K-k ^ ^ /-|-|^ 

Kpp(asi)^ii:*+i<--^7r</>l — ^^0'T^'i ° ' ^ ^ 

Here the dimensionless function Cq obtained from the loop integration is 

Co = 2^ + (1-^2) In ""^^ 



(12) 

^ — J. 

with z={P^ + Q^ + ml- {E^ - EK-f)/{2PQ). 
Collecting all factors, we obtain 

^pp{^Si)-^K*+K- 256 ^fpPK+K-{<t,)PK+'KO{K*+) ° 

In Eq. (13) we have only included the contribution from intermediate K*^K~ . Note that 
^K*+-^K+-K° is 1/3 of the total K*'^ width and T^^k+k- is 1/2 of the total width. Since 
our reaction is restricted to isospin one and negative charge conjugation, the contributions 
from K*+K-, K*-K+, K*^TC and K are all equal on the amphtude level. Therefore 
the total width of pp{^Si) — > ncf) from all K*K states is 
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and 



4 r- 



(15) 



The total branching ratio in the on-shell approximation is then 



'^pp{^Si)^K-K*+^(f>TT 
'^pp{3Si)^K-K*+ 
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(16) 



pp{^Si)^K*K+K'-K 



The experimental branching ratio is BR[pp{^Si, I = 1,C = —1) K*K + K*K)] > 
(23.4 ±2.0) X 10~^ from Ref. 0. This number is a lower limit since the projection on / = 1, 
/s = 0, C = — 1 states is experimentally incomplete]^. The missing contributions are of 
order 30%. Taking the lower limit we calculate the branching ratio of 7r0 from Eq. (16). 
The result is BR{7C(f)) = T-j^^/Ttot = 0.6 x 10~^. Among similar lines we have also estimated 
the contributions from p'^p~ and vr+Tr^l^ intermediate states. The branching ratio for 
PP ~^ P^P^ is experimentally not known. Conservative interpolations indicate a range of 
10 to 40 X 10~^. If we use the theoretical estimate 23.6 x 10~^ from the 7r0 branching 
ratio is 0.8 x 10""^. The p^p^ contribution is thus expected to be bigger than K*K. The 
corresponding estimate for the 7r0 branching ratio from vr^'^vr^ states is 1.0 x 10^^ which is 
negligible. So far our results are for intermediate states propagating on-shell. However, the 
kaon with momentum in Fig. la is off mass-shell and so is the exchanged pion in Fig. lb 
for the p'^ p~ diagram. We introduce a monopole form factor -^(^3) = (A^ — m\)/{h?' — p|) 
at the (f)KK and K*K7c vertices in Fig. la. For the p^p— case just exchange mx with 
rriTr. Varying A from 1.2 GeV to 2.0 GeV, the corresponding variation of the 7r0 branching 
ratio from K*K states is (0.14 to 0.33) x 10~^. Similarly the corresponding range for the 
p^p^ exchange is (0.31 to 0.52) x 10^^. The reduction is smaller in this case since the 
exchanged pion is almost on shell. In addition we expect a contribution of similar size|0] 
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from K*K or p^p^ states propagating off-shell. Adding this contribution, considering the 
range induced by the variation of the form factors and the experimental uncertainties we 
obtain the following range for the total rescattering contribution 

5i?(7r0) = (0.90to2.6) X 10"^ (17) 

while the experiment p[] gives (4.0 ± 0.8) x 10~^. Given the theoretical uncertainties the 
rescattering contributions are thus sizable but somewhat small when compared to experi- 
ment. 

3. The reaction pp '-ycf) 

a) Rescattering contribution 

We calculate K*K on-shell rescattering for ppi^So) jcp, corresponding to Fig. Ic. 
The procedure is very similar to the 7r0 case, with the result 

r ~ RA m2 P3 P3 '-^0 ■ ^^^> 

^pp{^So)^K*K+K*K ^^^pp^K+K-{(l,)^K+-f(K*+) 

Here the function Cq is the same as in Eq. (12) with suitable replacements of momenta 
and masses. Using the value 12.0 x 10~^ for the branching ratio of ppi^So) K*K + K*K 
from Ref. |^, we have BR\pp(^So) 70] = 1.7 x 10^^. Including a form factor F{pl) = 
(A^ — m|^)/(A^ —pf) at the (j)KK and K*K'y vertices and varying A from 1.2 GeV to 2.0, 
the corresponding variation of the 70 branching ratio is 3.0 x 10^^ to 9.4 x 10^^. Comparing 
with the experimental value of BR\j)p(^So) 70] = (1.2 ±0.3) x 10^^, we find the on-shell 
contribution from K*K is about two to three orders of magnitude smaller. 

b) Contribution from p0 via vector meson dominance 



Vector meson dominance has been used to successfully estimate the branching ratios 
of pp to 77, 77r,7?7, and 7?7'0. For our reaction vector meson dominance applied to 
a p(f) intermediate state is illustrated in Fig. 2a. In order to evaluate this diagram, we 
parametrize the amplitude of pp(^S'o) p4> by 

Ma = ^7e"^^^e„(p)p^(p)e^(0K(0) (19) 

where g is the strength of the annihilation. The constant g is related to the partial width 
of ppCSq) p0 by 

rpp{i5o)-*p0 = ■ (2*^) 

Here Pi is the 3-momentum of p0 in the pp CM frame. 

The invariant amplitude of pp{^So) — > p0 70 can then be written as 

T = g7n e"-^^^ e,(0) p^(0) GM e\i) ^.(7) (21) 

where G^s{p) is the propagator of the p meson with a 4- momentum corresponding to that 
of the photon. The effective 7p coupling constant 7^^ can be expressed by the universal 
constant fp as 7p^ = eM^ / fp |]T0| . The partial width is therefore 

with Qi being the three momentum of 70 in the pp CM frame. 
Combining Eq. (20) and (22), we have 

T ~ -f2 d3 ■ ^ ^ 
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With eV47r = 1/137, pp/Aix = 2.5 from |T0| and BR[ppi^So) p0] = (3.4 ± 1.0) x 10"^ 
from Ref. the contribution from p dominance is 

BR[ppCSo) ^ p(j)^ 70] = 1.27 X 10"^ . (24) 

This is very close to the prehminary result of the order of 1.0 x 10"^ from the Crystal 



Barrel Collaboration 0, ^ 



Because the 077 coupling constant is one third of the p7 value(see |T^, e.g.), the u 
contribution to 7^ is smaller. With BR\pp{^So) ujcp] = (5.3 ± 2.2) x 10"'^ from Ref. 0, 
we obtain 

BR\PpCSo) ^uj<P^ 70] = 2.8 X 10^^ . (25) 

The interference between the p and ui amplitudes is destructive from experimental analysis [|]. 
The reduction is however not significant in our case. 

We have also applied vector meson dominance to ^^(^50) 70;. The experimental 
rates for the intermediate states are BR\pp — > ujp] = 1.91 x 10^^ p, Q and BR[pp 
uouj = 3.32 X 10"^ |T^. Using Eq. (23) with suitable replacements, we obtain BR[pp — >■ 
up — > U'j] = 1.76 X 10"^ and BR[pp — > cucu — > to'j] = 0.72 x 10~^. In the case of 
destructive interference the resulting branching ratio is BR\pp —>■ 70;] = 2.3 x 10^^ while 
the experiment!^ gives (6.8 ±1.8) x 10~^, indicating preference for destructive interference. 

4. Concluding remarks 

We have evaluated the leading rescattering contributions for the reaction pp — > 7r0. 
We found that the contributions from p^p^ and K*K intermediate states are largest and 
similar in size with a combined contribution of order (0.9 to 2.6) x 10~^ for the branching 
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ratio0 of this OZI suppressed reaction. This contribution is sizable but it does not quite 
reach experiment. For the reaction pp — > 'jcp the contribution from K*K rescattering is 
neghgible (of order 10"'' in the branching ratio). However, the p(j) and uxp intermediate 
states combined with vector meson dominance, see Eq. (24) and (25), easily explain the 
experimental rate. 
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^After completing this calculation we have received the preprint [ p^ where rescattering contributions for 
pp — > 7r0 and similar reactions have been evaluated. The result obtained for the on-shell K* K contribution 
to TTcf), e.g., is too big. A large enhancement has been traced to an error in for the loop integration, 
compare with our Eq. (12). 
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Figure captions 

Fig. 1: a. Triangle diagram for pp — > K*K — > 7r0; b. Triangle diagram for pp 
p^p~ —>■ 7r0; c. Triangle diagram for pp —>■ K*K —>■ 70. 

Fig. 2: a. p dominance contribution to pp — > 70; b. u dominance contribution to 
pp -fcf). 
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